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TUMOR SUPPRESSOR LKBl KINASE DIRECTLY ACTIVATES 
AMP-ACTIVATED KINASE 

Government Support 

This invention was made in part with government support under grant numbers) 

from the National Institutes of Health (NIH). The government may have 

certain rights in this invention. 

Field of the Invention 

The invention relates to modulation of LKBl or AMP kinase protein activity for 
treating disorders including diabetes and cancer. The invention also relates to screening for 
agents that modulate the activity of LKBl or AMP kinase protein, which are useful in the 
treatment of diabetes and cancer, as well as preparing compounds for treatment of diabetes 
and cancer. 

Background of the Invention 
An estimated 15.7 million Americans have diabetes, and individuals with adult-onset, 
type U, diabetes represent 90 to 95 percent of all diabetics. Ahnost one-third of all diabetics 
m the U.S. are unaware that they have the disorder, and undetected and uncontrolled diabetes 
can have serious side effects, such as blindness, heart disease, nerve disease, and kidney 
disease. 

Impaired energy metabolism is a primary defect in type 2 diabetes (3). AMP- 
activated protein kinase (AMPK) is a highly conserved sensor of cellular energy status found 
in all eukaryotic cells (1). Recent studies have indicated that AMPK is a critical regulator of 
leptin-induced fatty acid metabolism and glucose uptake in skeletal muscle (4,5). AMPK is 
activated by stimuli that increase ATP consumption or inhibit ATP production in mammalian 
cells. Such stimuli include pathological stresses such as oxidative damage, osmotic shock, 
hypoxia, and glucose deprivation, as well as physiological stimuli such as exercise, 
contraction, and hormones including leptin and adiponectin in skeletal muscle (1). AMPK is 
the primary regulator of the cellular response to lowered ATP levels in cultured cells. 
Accordingly, phosphorylation of its downstream targets results in the up-regulation of ATP- 
producing catabolic pathways and the downregulation of ATP-consuming processes. A 
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number of groups have reported biochemical purification of a kinase activity ("AMPKK") 
that is capable of phosphorylating Thrl72 in the activation loop of AMPKo; although the 
identity of the kinase is currently unknown (6,7). Though CAMKK was shown to serve as a 
surrogate AMPKK in vitro, a number of its biochemical and biophysical properties indicate 

5 that it is not a bona fide AMPKK in vivo (8). 

In addition to the increased clinical risks, type H diabetes may also result in a reduced 
quality of Ufe for the affected individual. Because type II diabetes is a major disorder in 
current society, which has serious health and life quality consequences, improved methods of 
treatment and/or reliable diagnosis are needed and would be beneficial for patients and their 

10 families and health-care providers. By providing further insight into the biochemical 
pathways implicated in diabetes, identification of the AMPK kinase would advance the 
treatment options for diabetes. 
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Summary of the Invention 
It has now been discovered that the LKB 1 protein directly phosphorylates AMP 
kinase (AMPK) and activates its kinase activity. Furthermore, overexpression of wild-type 
LKBl increases basal and stimulated AMPK phosphorylation and activity, whereas, a kinase- . 
inactive LKBl mutant acts as a dominant negative allele. Additionally, LKBl plays a 
biologically significant role in this pathway since wild-type LKBl expression suiprisingly is 
required to prevent death of human tumor cells in response to prolonged treatment with the 
AMP-analogue AICAR. Therefore, LKBl is the major AMPK kinase in mammalian cells 
and suggest a unexpected connection between the response of cells to metabolic stress and 
tumorigenesis. 

According to one aspect of the invention, methods for treating cancer are provided. 
The methods include administering to a subject having a cancer characterized by reduced or 
- absent LKBl activity an effective amount of a compound that increases AMP-activated 
protein kinase (AMPK) activity in (cells of) the subject, or a compound that increases cellular 
AMP levels in (cells of) the subject. In certain embodiments, the compound is an analog of 
adenosine monophosphate (AMP), preferably 5-aminoimidazole-4-carboxamide-l-/8-D- 
30 ribofiiranoside (AICAR) or an analog or derivative thereof that increases AMPK activity, hi 
certain of these embodiments, the analog or derivative of AICAR is 5-aminoimidazole-4- 
carboxamide-l-^-D-ribofuranoside monophosphate, hi other embodiment, the analog Of 
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AMP is adenosine. In other embodiments, the compounds uncouples mitochondria, whereby 
cellular AMP levels are increased. 

In further embodiments, the compound is metformin, rosiglitazone, leptin, 
adiponectin, or an analog or derivative thereof that increases AMPK activity. 
5 In certain embodiments, the reduction of LKBl activity is due to the mutation or 

deletion of the LKBl gene. 

The methods also can include subjecting the cancer (cells) of the subject to a cell 
death stimulus. 

According to another aspect of the invention, methods for promoting apoptosis of 
10 cells having reduced or absent LKBl activity are provided. The methods include contacting 
the cells with a compound that is an activator of AMP-activated protein kinase (AMPK), or a 
compound that increases cellular AMP levels. In certain embodiments, the compound is an 
analog of adenosine monophosphate (AMP), preferably 5-aminoimidazole-4-carboxamide-l- 
^-D-ribofuranoside (AICAR) or an analog or derivative thereof that increases AMPK 
15 activity. In certain of these embodiments, the analog or derivative of AICAR is 5- 
aminoimidazole-4-carboxamide-l-i3-D-ribofuranoside monophosphate. In another 
embodiment, the analog of AMP is adenosine. In still other embodiments, the compound 
uncouples mitochondria, whereby cellular AMP levels are increased. 

In further embodiments, the compound is metformin, rosiglitazone, leptin, 
20 adiponectin, or an analog or derivative thereof that increases AMPK activity. 

In certain embodiments, the reduction of LKBl activity is due to the mutation or 
deletion of the LKBl gene. 

According to still another aspect of the invention, methods for treating a subject 
having or suspected of having diabetes are provided. The methods include administering to a 
25 subject in need of such treatment an effective amount of an agent that increases the activity of 
LKBl in the subject, as a treatment for the diabetes. The diabetes can be type 1 or type H 
diabetes. 

In certain embodiments, the agent increases the kinase activity of LKBl, and/or the 
amount of LKBl . In other embodiments, the agent increases the amount of STRAD. In still 
30 other embodiments, the agent increases the affinity of the dimeric interaction between LKBl 
and STRAD. 



In a further aspect of the invention, methods are provided for identifying compounds 
useful in the treatment of diabetes. The methods include determining a first amount of 
activity of a LKBl polypeptide, contacting the LKBl polypeptide with a candidate, 
pharmacological agent, and determining the amount of activity of the contacted LKBl 
polypeptide. An increase in the amount of activity in the contacted LKBl polypeptide 
relative to the first amount of activity of the LKBl polypeptide is an indication that the 
candidate pharmacological agent is useful in the treatment of diabetes. In a preferred 
embodiment, the activity of the LKBl polypeptide is measured by phosphorylation of AMP- 
activated kinase. 

Methods for identifying compounds useful in the treatment of diabetes are provided 
according to still a further aspect of the invention. The methods include providing an assay 
mixture comprising a LKBl polypeptide and a STRAD polypeptide that forms a heterodimer 
with the LKBl polypeptide, determining a first affinity of the dimeric interaction between 
LKBl and STRAD, contacting the assay mixture with a candidate pharmacological agent, 
and determining a second affinity of the dimeric interaction between LKBl and STRAD. An 
increase in the second affinity relative to the second affinity is an indication that the 
candidate pharmacological agent is.usefiil in the treatment of diabetes. In a preferred 
embodiment, the affinity of the dimeric interaction between LKBl and STRAD is measured 
by co-immunoprecipitating LKBl and STRAD. In this embodiment, an increase the amount 
of STRAD co-immunoprecipitating with LKBl is indicative of an increase in the afifmity of 
the dimeric interaction. 

According to another aspect of the invention, methods for identifying compounds 
useful in the treatment of cancer are provided. The methods include determining a first 
amount of activity of an AMP-activated kinase polypeptide, contacting the AMP-activated 
kinase polypeptide with a candidate pharmacological agent, and determining the amount of 
aetivity-of the contacted- AMP-activated kinase polypeptide; wherein an increase in the 
amount of activity in the contacted AMP-activated kinase polypeptide relative to the first 
amount of activity of the AMP-activated kinase polypeptide is an indication that the 
candidate pharmacological agent is usefiil in the treatment of cancer. In a preferred 
embodiment, the activity of the AMP-activated kinase polypeptide is measured by 
phosphorylation of acetyl CoA carboxylase. 
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According to yet another aspect of the invention, methods for preparing a diabetes 
drug are provided. The methods include identifying a compound that increases LKB activity 
and formulating the compound for administration to a subject in need of sUch treatment. In 
one embodiment, the diabetes is type II diabetes. In another embodiment, the compound that 
5 increases LKB activity is identified by the methods described herein. 

In a further aspect of the invention, methods for preparing a cancer drug are provided. 
The methods include identifying a compound that increases AMP-activated kinase activity 
and formulating the compound for administration to a subject in need of such treatment. In 
one embodiment, the compound that increases LKB activity is identified by the methods 
10 described herein. 

In another aspect, the invention provides for use of the foregoing agents, compounds 
and molecules in the preparation of medicaments also is provided, particularly medicaments 
for the treatment of diabetes, obesity and reduced insulin sensitivity. 

These and other aspects of the invention are described further below. 

15 

Brief Description of the Figures 
Figure 1 shows that LKBl prefers to phosphorylate peptide libraries with the . 
consensus L-x-T or R-T. Wild-type (WT) or kinase-deficient (KD) LKBl was co-expressed 
with STRAD in mammalian cells, purified and subjected to a panel of kinase assays using 
20 30jig of each peptide library. ^ ^P-ATP incorporation was determined by p8 1 paper and 

scintillation counting as previously described (12). Wild-type LKBl, solid bars; Kinase-dead 
LKBl, open bars. 

Figure 2 shows that LBCBl phosphorylates Thr 172 of AMPKa in vitro and activates 
25 its kinase activity. Fig. 2a: Lineup of known LKBl in vitro phosphorylation sites with sites 
of phosphorylation in human AMPKoc and its yeast homologue'SNFlp, AMPKal Thf 172 
(SEQ ID NO:l); SNFlp S.c. Thr 210 (SEQ ID NO:2); STRAD Thr 329 (SEQ ID N0:3); 
STRAD Thr 41 9 (SEQ ID N0:4); LKBl auto Thr 1 85 (SEQ ID NO:5). Fig. 2b. HTl 080 cells 
were transfected with wild-type or kinase dead (K78I) LKBl with or without its coactivating 
30 protein STRAD. As indicated, LKBl immunoprecipitations (IPs) were tested for their ability 
to transphosphorylate bacterial MBP-AMPKa in an in vitro kinase assay. Parallel in vitro 
kinase assays were performed using ^^P 7-ATP followed by autoradiography or cold ATP 
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foUowed by immunoblotting for phospho-Thrl72 AMPK and the indicated proteins. Wild- 
type LKBl IPs were run in duplicate as shown. MBP-AMPK was also tested alone as 
indicated. Results are typical of 3 separate experiments. Fig. 2c: LKBl phosphorylation of 
MBP-AMPK activates its kinase activity towards a peptide substrate (SAMS). LKBl 

5 inununoprecipitates (as in Fig. 2a) were used to phosphorylate MBP-AMPK in vitro and then 
MBP-AMPK was removed and tested for its ability to trans-phosphorylate the SAMS peptide 
in the presence of ^^P 7- ATP. Results were performed in two separate experiments in 
triplicate. LKBl alone was incapable of detectably phosphorylating the SAMS peptide, and 
equivalent levels of LKBl and MBP-AMPK were used in each reaction (data not shown). 

10 Samples without LKB 1 , without SAMS peptide, or without MBP-AMPK all gave similar 
levels of background (data not shown). 

Figure 3 shows that LKB I -deficient mouse embryonic fibroblasts (MEFs) are 
defective in AMPK activation. Fig. 3a: Littermate MEFs of the indicated LKBl genotypes 
15 were left untreated (NT) or treated with 0. 1 mM H2O2 for 20 mins or 2 mM AIC AR for 2h. 
Total cell extracts were immunoblotted for phospho-Thr 172 AMPK or phospho Ser79 ACC, 
as well as for total AMPK and LKB 1 . Fig. 3b: An immortalized LKB 1 -deficient MEF cell 
line was reconstituted with human (hu) or mouse (ms) WT or KD LKBl expressing 
retroviruses. The asterisk (*) represents a background band that serves as a loading control. 

20 

Figure 4 shows that LKBl regulates activation of AMPK in response to the AMP 
analogue AICAR as well as oxidative or osmotic stress in HT1080 cells. HT1080 cells stably 
expressing WT or KD LKB 1 (as indicated in Fig. 3) were treated 0. 1 mM H2O2 for 20 mins, 
0.6M sorbitol for 30 mins, or 2 mM AICAR for 2h. Total cell extracts were analyzed as in 
25 Fig. 3. 

Figure 5 shows that LKBl expression protects HeLa cells fi-om AICAR, but not UV- 
induced cell death. Fig. 5a: Phase contrast images of HeLa cells stably expressing vector, 
WT LKBl, or KD KBl 5h after treatment with 2.5 mM AICAR. Results are representative • 
30 of four independent experiments. Fig. 5b, Fig. 5c: Cell viability following AICAR or UV 
expressed as a percentage of untreated controls. Cell viability quantified by MTT assays run 
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in triplicate on indicated HeLa stable cell lines treated with 2.5 mM AICAR or 50 j/cm^ UV 
for 8h. Results are representative of two independent experiments. 

Brief Description of the Sequences 
5 SEQIDNO:! GEFLRTSCG (AMPKal). 
SEQIDNO:2 GNFLKTSCG(SNFlpS.c.). 
. SEQIDN0:3 SDSLTTSTP (STRAD). 
SEQ ED NO:4 IFGLVTNLE (STRAD). ' 
SEQ ID N0:5 GNLLLTTGG (LKBl auto) 

10 

Detailed Description of the Invention 
AMP-activated protein kinase (AMPK, e.g., GenBank accession number AAA64745) 
is a highly conserved sensor of cellular energy status found in all eukaryotic cells (1). AMPK 
is activated by stimuli that increase the cellular AMP/ATP ratio. Essential to activation of 

1 5 AMPK is its phosphorylation at Thr 1 72 by an upstream kinase (AMPKK) whose identity in 
mammalian cells has remained elusive (1). 

The LKBl serine/threonine kinase (e.g., GenBank accession number AAC15742) is a. 
divergent, yet evolutionarily well-conserved kinase that most closely resembles CAMKK in 
its catalytic domain. LKBl inactivation is the genetic basis of Peutz-Jeghers syndrome, a 

20 familial colorectal polyp disorder in which patients are also predisposed to early onset 

cancers at in other tissues (2). More recently LKBl has also been shown to be an essential 
mediator of embryonic polarity in C. elegans as well as in Drosophila (9,10). STRAD 
(GenBank accession number BKOOl 542), a recently identified obligate coactivator for LKBl, 
is the only known physiological substrate of LKBl (1 1). 

25 It now has been discovered that LKBl specifically and directly phosphorylates AMP 

kinase (AMPK) and activates its kinase activity. Based on flie results presented below, it 
appears that LKBl is the major AMPK kinase in mammalian cells and suggest a unexpected 
connection between the response of cells to metabolic stress and tumorigenesis. 

The data shown below suggest that compounds that specifically increase the activity 

30 (e.g., catalytic activity or the expression) of LKB 1 or AMPK may be useful for treating 
diabetes (e.g., type II diabetes) or cancer. For example, compounds that are activators of 
AMPK are useful as drugs for cancer treatment and/or inducing apoptosis in cells having 



reduced LKBl expression, such as adenosine, 5-aminoimidazole-4-carboxamide-l-/?-D- 
ribofuranoside (AICAR), 5-aminoimida2cle-4-carboxamide-l-i5-D-ribofuranoside 
monophosphate, metfonnin, rosiglitazone, leptin, adiponectin and various analogs and 
derivatives thereof. Compounds that increase cellular AMP levels, such as the compounds 
mentioned above and compounds that uncouple mitochondria (e.g., carbonylcyanide p- 
trifluoromethoxyphenylhydrazone (FCCP), 2,4-dinitrophenol (DNP), carbonylcyanide m- 
chlorophenylhydrazone (CCCP), 5-chloro-3-tert-butyl-2'-chloro-4*-nitrosalicylanilide (S-13), 
and 2,6-di-t-butyl-4-(2',2'-dicyanovinyl)phenol (SF6847)) also can be used for cancer 
treatment and/or inducing apoptosis in cells having reduced LKBl expression. Agents that 
increase the expression of LKBl or AMPK (either of the endogenous gene or by introducing 
one or more copies of the gene) also can be used for these purposes. In addition, compounds 
that increase the dimerization of LKBl and STRAD also are useful for the same purposes. 
Accordingly, the invention also provides methods for identifying agents useful in treating 
these disorders by increasing the activity (e.g., kinase activity or dimerization of LKBl and 
STRAD) or expression of LKBl or AMPK. 

As used herein, the term "aberrantly" means abnormally, and may include increased 
expression or functional activity and/or decreased expression or functional activity. 

As used herein, a subject is preferably a human, non-human primate, cow, horse, pig, 
sheep, goat, dog, cat, or rodent. In all embodiments, human subjects are preferred. In some 
embodunents, the subject is suspected of having a disorder associated with insufficient or 
decreased LKBl or AMPK activity such as diabetes or cancer. 

Methods for identifying subjects suspected of having a LKBl- or AMPK-associated 
disorder may include but are not limited to: physical examination, subject's family medical 
history, subject's medical history, blood tests, visual exam, mean body mass assessment, 
and/or weight assessment. Diagnostic methods for LKBl- or AMPK-associated disorders are 
well-known to those of skill in the medical arts, although not necessarily with respect to 
LKB 1 or AMPK activity. 

As used herein, a biological sample includes, but is not limited to: tissue, cells, or 
body fluid (e.g. blood or lymph node fluid). The fluid sample may include cells and/or fluid. 
The tissue and cells may be obtained from a subject or may be grown in cultiu-e (e.g. from a 
cell line). The type of biological sample may include, but is not limited to: colon tissue 
(including polyps), skeletal muscle, brain, and/or adipose tissue, which also may be referred 
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to herein as "fat." In some embodiments of the invention, the biological sample is a control 
sample. 

As used herein a "control" may be a predetermined value, which can take a variety of 
forms. It can be a single cut-off value, such as a median or mean. It can be established based 
5 upon comparative groups, such as in groups having normal amounts of circulating insulin and 
groups having abnormal amounts of circulating insulin, or individuals with colorectal polyps 
and individuals without colorectal polyps. Another example of comparative groups would be 
groups having a particular disease, condition or symptoms and groups without the disease, 
condition or symptoms. Another comparative group would be a group with a family history 

10 of a condition and a group without such a family history. The predetermined value can be 
arranged, for example, where a tested population is divided equally (or unequally) into 
groups, such as a low-risk group, a medium-risk group and a high-risk group or into 
quandrants or quintiles. 

The predetermined value, of course, will depend upon the particular population 

15 selected. For example, an apparently healthy population will have a different 'normal* range 
than will a population which is known to have a condition related to aberrant LKBl or 
AMPK molecule expression or activity. Accordingly, the predetermined value selected may . 
take into account the category in which an individual falls. Appropriate ranges and 
categories can be selected with no more than routine experimentation by those of ordinary 

20 skill in the art. By abnormally high it is meant high relative to a selected control. Typically 
the control will be based on apparently healthy normal individuals in an appropriate age 
bracket. 

In some embodiments, a control sample is from a cell, tissue, or subject that does not 
have a disorder associated with insufficient LJCBl or AMPK activity. In other embodiments 

25 the control sample is a sample that is untreated with a candidate agent. For example, an 
effect of a candidate agent may be determined by determining the catalytic activity of a 
LKBl or AMPK polypeptide in advance of contacting the LKBl or AMPK polypeptide with 
the agent, and again after contacting the LKBl or AMPK polypeptide with the agent, in 
which case, the initial level of catalytic activity determined may serve as a control level 

30 against with the post-contact level of catalytic activity may be compared. In such assays, the 
source of the LKBl or AMPK polypeptide may be a biological sample known to be free of a 
LKBl- or AMPK-associated disorder or may be a sample from a cell or tissue with a known 
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LKBl- or AMPK-associated disorder, and in each case the before-contact determination of 
catalytic activity may be the control for the after-contact determination of catalytic activity. 

The phrase "suspected of having a LKBI- or AMPK-associated disorder" and the like 
as used herein means a tissue or tissue sample believed by one of ordinary skill in the art to 
contain aberrant levels or activity of LKBI or AMPK nucleic acid molecules and/or the 
polypeptides they encode. Examples of methods for obtaining the sample from the biopsy 
include aspiration, gross apportioning of a mass, microdissection, laser-based 
microdissection, or other art-known cell-separation methods. 

Because of the variability of the cell types in diseased-tissue biopsy material, and the 
variability in sensitivity of the diagnostic methods used, the sample size required for analysis 
may range from I, 10, 50, 100, 200, 300, 500, 1000, 5000, 10,000, to 50,000 or more cells. 
The appropriate sample size may be determined based on the cellular composition and 
condition of the biopsy and the standard preparative steps for this determination and 
subsequent isolation of the nucleic acid for use in the invention are well known to one of 
ordinary skill in the art. An example of this, although not intended to be limiting, is that in 
some instances a sample from the biopsy may be sufficient for assessment of RNA 
expression without ampUfication, but in other instances the lack of suitable cells in a small 
biopsy region may require use of RNA conversion and/or amplification methods or other 
methods to enhance resolution of the nucleic acid molecules. Such methods, which allow use 
of limited biopsy materials, are well known to those of ordinary skill in the art and include, . 
but are not limited to: direct RNA amplification, reverse transcription of RNA to cDNA, real- 
time RT-PCR, amplification of cDNA, or the generation of radiolabeled nucleic acids. 

The surprising discovery that LKBI phosphorylates AMPK, which modulates its 
activity, and is related to various disorders provides for novel methods of treatment of such 
disorders in which aberrant LKBI or AMPK activity is involved. In particular, methods for 
treating LKBI- or AMPK-associated disorders are provided by the invention, in which LKBI 
or AMPK activity is increased, which increases phosphorylation of the respective substrates 
of these kinases. Activity of LKBI and AMPK, as used herein in these contexts, means 
kinase activity (for LKBI and AMPK) and/or dimerization (for LKBI). 

Any method for increasing LKBI or AMPK activity will be useful in the treatment of 
disorders. LKBI or AMPK activity can be increased by pharmacological activators of the 
enzyme activity or its expression. 
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Treatment for a LKBl- or AMPK-associated disorder may include, but is not limited 
to: surgical intervention, dietetic therapy, and pharmaceutical therapy. In some 
embodiments, treatment may include administration of a pharmaceutical agent that increases 
LKBl or AMPK activity. The inhibitors of LKBl or AMPK activity can be administered in 
5 conjunction with otho- pharmaceutical agents known for treatment of such disorders. For 
example, in the treatement of type 11 diabetes, other therapeutics such as insulin sensitizers, 
insulin secretagogues, insulin, and the like can be administered in conjunction 
(simultaneously or sequentially) with therapeutics that increase LKBl or AMPK activity or 
expression. Likewise, for treatment of cancers having low LKBl activity, therapeutics that 

10 increase or stimulate LKBl or AMPK activity or expression can be administered in 
conjunction with other cancer therapeutics or in conjunction with surgery. 

The amino acid sequences identified herein as LKBl or AMPK polypeptides, and the 
nucleotide sequences encoding them, are sequences deposited in databases such as GenBank. 
The use of these known LKBl or AMPK sequences in pharmaceutical screening assays, 

15 determination of pharmaceutical agents, and diagnostic assays for LKBl- or AMPK- 
associated disorders as described herein is novel. Homologs, alleles, and other variants of the 
LKBl or AMPK nucleic acid sequences and polypeptides sequences can also be used,. as 
appropriate, as will be known to one of ordinary skill in the art. In general, homologs, alleles 
and other variants typically will share at least 90% nucleotide identity and/or at least 95% 

20 amino acid identity to the sequences of a LKBl or AMPK nucleic acid and polypeptide. 

respectively, in some instances will share at least 95% nucleotide identity and/or at least 97% 
amino acid identity, and in other instances will share at least 97% nucleotide identity and/or 
at least 99% amino acid identity. The homology can be calculated using various, pubUcly 
available software tools developed by NCBI (Bethesda, Maryland) ttiat can be obtained 

25 flirough tiie Internet or using a variety of conmiercially available softward packages. 
Exemplary tools include tiie BLAST system available from the website of tiie National 
Center for Biotechnology Information (NCBI) at the National Institutes of Healtii. 

The identification herein of LKBl or AMPK polypeptides as involved in 
physiological disorders also permits the artisan to diagnose a disorder characterized by 

30 expression of LKBl or AMPK polypeptides, and characterized preferably by an alteration in 
functional activity of the LKBl or AMPK polypeptides. 
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Detemiination of the catalytic activity of LKBl or AMPK polypeptides for 
diagnostic, prognostic, and therapeutic purposes is an aspect of the invention. The catalytic 
activity of a LKBl or AMPK polypeptide may be determined and candidate pharmaceutical 
agents can be tested for their ability to modify (decrease or increase) the LKBl or AMPK 
catalytic activity. The determination that a compound modifies the LKBl or AMPK catalytic 
activity indicates that the compound may be useful as an agent to treai LKBl or AMPK - 
associated disorders, such as type H diabetes or cancer. For example, a LKBl or AMPK 
polypeptide may be contacted with a substrate of the polypeptide and the catalytic activity of 
the LKBl or AMPK monitored and determined, then the LKBl or AMPK polypeptide may 
be contacted with a candidate. agent and the polypeptide's catalytic activity determined upon 
contact with the substrate. Such assays may be done in vitro and may also be useful to 
monitor effects of m vivo administration of catalytic activity modulators in cells or animals, 
including humans. 

The invention also involves the use of agents such as polypeptides that bind to LKBl 
or AMPK polypeptides or substrates of such polypeptides. Such binding agents can be used, 
for example, in screening assays to detect the presence or absence of LKBl or AMPK 
polypeptides or their substrates and in purification protocols to isolate LKBl or AMPK, their 
substrates or complexes of LBCBl or AMPK polypeptides and their substrates. 

The invention, therefore, embraces peptide binding agents which, for exanq>le, can be 
antibodies or fi-agments of antibodies having the ability to selectively bind to LKBl or 
AMPK polypeptides or their substrata. Antibodies include polyclonal and monoclonal 
antibodies, prepared according to conventional methodology. As used herein, LKBl or 
AMPK antibodies, are antibodies that specifically bind to LKBl or AMPK polypeptides, 
respectively. 

Significantly, as is well known in the art, only a small portion of an antibody 
molecule, the paratope, is involved in the binding of the antibody to its epitope (see, in 
general, Clark; W.R. (1986) The Experimental Foundations of Modem Immunoloev Wiley & 
Sons, Inc., New York; Roitt, L (1991) Essential Immunolnp v. 7th Ed., Blackwell Scientific 
Publications, Oxford). The pFc' and Fc regions, for example, are effectors of the complement 
cascade but are not involved in antigen binding. An antibody fi-om which the pFc' region has 
been enzymatically cleaved, or which has been produced without the pFc' region, designated 
an F(ab')2 fragment, retains both of the antigen binding sites of an intact antibody. Similarly, 
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an antibody from which the Fc region has been enzymatically cleaved, or which has been 
produced without the Fc region, designated an Fab fragment, retains one of the antigen 
binding sites of an intact antibody molecule. Proceeding further, Fab fragments consist of a 
covalently bound antibody light chain and a portion of the antibody heavy chain denoted Fd. 
The Fd fragments are the major determinant of antibody specificity (a single Fd fragment 
may be associated with up to ten different light chains without altering antibody specificity) 
and Fd fragments retain epitope-binding ability in isolation. 

Within the antigen-binding portion of an antibody, as is well-known in the art, there 
are complementarity determining regions (CDRs), which directly interact with the epitope of 
the antigen, and framework regions (FRs), which maintain the tertiary strucmre of the 
paratope (see, in general. Clark, 1986; Roitt, 1991). In both the heavy chain Fd fragment and 
the light chain of IgG immunoglobuUns, there are four framework regions (FRl through FR4) 
separated respectively by three complementarity determining regions (CDRl through CDR3). 
The CDRs, and in particular the CDR3 regions, and more particularly the heavy chain CDR3, 
are largely responsible for antibody specificity. 

It is now well established in the art that the non-CDR regions of a mammaliaii 
antibody may be replaced with similar regions of conspecific or heterospecific antibodies 
while retaining the epitopic specificity of the original antibody. This is most clearly 
manifested in the development and use of "humanized" antibodies in which non-human 
CDRs are covalently joined to human FR and/or Fc/pFc' regions to produce a functional 
antibody. See, e.g., U.S. patents 4.816,567. 5.225,539. 5,585,089, 5,693,762 and 5.859.205. 

Fully human monoclonal antibodies also can be prepared by immunizing mice 
transgenic for large portions of human immunoglobulin heavy and light chain loci. 
Following immunization of these mice (e.g., XenoMousc (Abgenix), HuMAb mice 
(Medarex/GenPharm)), monoclonal antibodies can be prepared according to standard 
hybridoma technolo©.. These monoclonal antibodies will have human immunoglobuUn 
amino acid sequences and therefore will not pix>voke human anti-mouse antibody (HAMA) 
responses when administered to hunians. 

Thus, as will be apparent to one of ordinary skill in the art, die present invention also 
provides for F(ab')2, Fab, Fv and Fd fragments; chimeric antibodies in which the Fc and/or 
FR and/or CDRl and/or CDR2 and/or light chain CDR3 regions have been replaced by 
homologous human or non-human sequences; chimeric F(ab')2 fragment antibodies in which 
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the FR and/or CDRl and/or CDR2 and/or light chain CDR3 regions have been replaced by 
homologous human or non-human sequences; chimeric Fab fragment antibodies in which the 
FR and/or CDRl and/or CDR2 and/or Ught chain CDR3 regions have been replaced by 
homologous human or non-human sequences; and chimeric Fd fragment antibodies in which 
5 the FR and/or CDRl and/or CDR2 regions have been replaced by homologous human or non- 
human sequences. The present invention also includes so-called single chain antibodies. 

Thus, the invention involves polypeptides of numerous size and type that bind 
specifically to LKBl or AMPK polypeptides, their substrates and complexes of both LKBl 
or AMPK polypeptides and their substrates. These polypeptides may be derived also from 
10 sources other than antibody technology. For example, such polypeptide binding agents can 
be provided by degenerate peptide Ubraries which can be readily prepared in solution, in 
immobilized form or as phage display libraries. Combinatorial libraries also can be 
synthesized of peptides containing one or more amino acids. Libraries further can be 
synthesized of peptoids and non-peptide synthetic moieties. 

Phage display can be particularly effective in identifying binding peptides useful 
according to the invention. Briefly, one prepares a phage library (using e.g. ml 3, fd. or 
lambda phage), displaying inserts from 4 to about 80 amino acid residues using conventional 
procedures. The inserts may represent, for example, a completely degenerate or biased array. 
One then can select phage-bearing inserts which bind to the LKBl or AMPK polypeptide. 
This process can be repeated through several cycles of reselection of phage that bind to the 
LKBl or AMPK polypeptide. Repeated rounds lead to enrichment of phage bearing 
particular sequences. DNA sequence analysis can be conducted to identify the sequences of 
the expressed polypeptides. The minimal linear portion of the sequence that binds to the 
LKBl or AMPK polypeptide can be determined. One can repeat the procedure using a 
biased Ubrary containing inserts containing part or aU of the minimal linear portion plus one 
or more additional degenerate residues upstream or downstream thereof. Yeast two-hybrid 
screening methods also may be used to identify polypeptides that bind to the LKBl or AMPK 
polypeptides. 

The invention also relates in part to methods of treating disonlers associated with 
insufScient or otherwise aberrant LKBl or AMPK activity, such as: diabetes (particularly 
type n) and cancer. An "effective amount" of a drug therapy is that amount of an agent that 
increases LKBl or AMPK activity that alone, or together with further doses, produces the 
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desired response, e.g. reduction of symptoms of type II diabetes, slowing or reversing the 
progression of cancer, or increasing apoptosis of cancer cells. 

la the case of treating a particular disease or condition the desired response is 
inhibiting the progression of the disease or condition. This may involve only slowing the 
progression of the disease temporarily, although more preferably, it involves halting the 
progression of the disease permanently. This can be monitored by routine diagnostic 
methods known to one of ordinary skill in the art for any particular disease. The desired 
response to treatment of the disease or condition also can be delaying die onset or even 
preventing the onset of the disease or condition. 

Such amounts will depend, of course, on the particular condition being treated, the 
severity of the condition, the individual patient parameters including age, physical condition, 
size and weight, the duration of die treatment, the nature of concurrent therapy (if any), the 
specific route of administration and like factors within the knowledge and expertise of the 
health practitioner. These factors are well known to those of ordinary skill in the art and can 
be addressed with no more than routine experimentation. It is generally preferred that a 
maximum dose of the agent that increases LKBl or AMPK activity (alone or in combination 
with other therapeutic agents) be used, that is. the highest safe dose according to sound 
medical judgment. It will be understood by those of ordinary skill in the art, however, that a 
patient may insist upon a lower dose or tolerable dose for medical reasons, psychological 
reasons or for virtually any other reasons. 

The pharmaceutical compositions used in the foregoing methods preferably are sterile 
and contain an effective amount of an agent that increases LKBl or AMPK activity for 
producing the desired response in a unit of weight or volume suitable for administration to a 
patient 

The doses of an agent diat increases LKBl or AMPK activity administered to a 
subject can be chosen in accordance with different parameters, m particular in accordance 
with the mode of administration used and the state of the subject. Other factors include the 
desired period of treatment. In the event that a response in a subject is insufficient at the 
initial doses appUed. higher doses (or effectively higher doses by a different, more localized 
delivery route) may be employed to the extent that patient tolerance permits. 

Various modes of administration will be known to one of ordinary skill in the art 
which effectively deliver the agent that increases LKBl or AMPK activity to a desired tissue. 
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cell or bodily fluid. Administration includes: topical, intravenous, oral, intracavity, 
intrathecal, intrasynovial, buccal, sublingual, intranasal, transdermal, intravitreal, 
subcutaneous, intramuscular and intradermal administration. The invention is not limited by 
the particular modes of administration disclosed herein. Standard references in the art (e.g.. 
Remington 's Pharmaceutical Sciences, 18th edition, 1990) provide modes of administration 
and fomiulations for delivery of various pharmaceutical preparations and fonnulations in 
pharmaceutical carriers. Other protocols which are useful for the administration of agent that 
increases LKBl or AMPK activity will be known to one of ordinary skill in the art, in which 
the dose amount, schedule of administration, sites of administration, mode of administration 
(e.g., intra-organ) and the like vary &om those presented herein. 

Administration of agents that increase LKBl or AMPK activity to mammals other 
than humans, e.g. for testing purposes or veterinary therapeutic purposes, is carried out under 
substantially the same conditions as described above. It will be understood by one of 
ordinary skill in the art that this invention is applicable to both human and animal diseases 
that can be treated by an agent that increases LKBl or AMPK activity. Thus this invention is 
intended to be used in husbandry and veterinary medicine as well as in human therapeutics. 

In general, for treatments of disorders, doses of agents that increases LKBl or.AMPK 
activity are formulated and administered in doses between 0.2mg to SOOOmg of the agent that 
increases LKBl or AMPK. Preferably, an effective amount will be in the range from about 
O.Srag to 500mg of the agent that increases LKBl or AMPK activity, according to any 
standard procedure in the art. Administration of agents that increases LKBl or AMPK 
activity compositions to mammals other than humans, e.g. for testing purposes or veterinary 
therapeutic purposes, is carried out under substantially the same conditions as described 
above. A therapeutically effective amount typically varies fiom 0.01 ng/kg to about 1000 
Mg/kg, preferably horn about 0.1 ng/kg to about 200 ^g/kg and most preferably from about 
0.2 ng/kg to about 20 jig/kg, in-one or more dose administrations daily, for one or more days. 

The pharmaceutical preparations of the invention may be administered alone or in 
conjunction with standard treatment(s) of disorders associated with alterations in LKBl or 
AMPK activity, such as diabetes or cancer. For example, treatment for type II diabetes with 
a pharmaceutical agent of the invention, may be undertaken in parallel with treatments for 
diabetes that is known and practiced in the art. For example, such treatments may include, " 
but are not limited to administration of metformin, pioglitazone, and/or rosiglitazone. Other 
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known treatments for type II diabetes include pharmaceutical agents that increases insulin 
release, which may include, but are not limited to sulfonylureas, nateglinide and repaglinide. 
In some treatment methods, sulfonylureas include, but are not limited to glibenclamide 
(glyburide), gliclazide and glimepiride. In some embodiments of the invention, insulin may 
5 be administered to the subject, in conjunction with the treatment methods of the invention. 

When administered, the pharmaceutical preparations of the invention are applied in 
pharmaceutically-acceptable amounts and in pharmaceutically-acceptable compositions. The 
term "pharmaceutically acceptable" means a non-toxic material that does not interfere with 
the effectiveness of the biological activity of the active ingredients. Such preparations may 

10 routinely contain salts, buffering agents, preservatives, compatible carriers, and optionally 
other therapeutic agents. When used in medicine, the salts should be pharmaceutically 
acceptable, but non-pharmaceutically acceptable salts may conveniently be used to prepare 
pharmaceutically-acceptable salts thereof and are not excluded from the scope of the 
invention. Such pharmacologically and pharmaceutically-acceptable salts include, but are not 

1 5 limited to, those prepared from the following acids : hydrochloric, hydrobromic, sulfuric, 
nitric, phosphoric, maleic, acetic, sahcylic, citric, formic, malonic, succinic, and the like. 
Also, pharmaceutically-acceptable salts can be prepared as alkaline metal or alkaline earth 
salts, such as sodium, potassium or calcium salts. Preferred components of the composition 
are described above in conjunction with the description of the agent that increases LKBl or 

20 AMPK activity of the invention. 

An agent that increases LKBl or AMPK activity composition may be combined, if 
desired, with a phaimaceuticaUy-acceptable carrier. The term "pharmaceutically-acceptable 
carrier" as used herein means one or more compatible solid or Uquid fillers, diluents or 
encapsulating substances which are suitable for administration into a human. The term 

25 "carrier" denotes an organic or inorganic ingredient, natural or synthetic, with which the 
active ingredient is combined to-fricilitate the application. The components of die 
pharmaceutical compositions also are capable of being co-mingled with the agent that 
increases LKBl or AMPK activity, and with each other, in a manner such that there is no 
interaction which would substantially impair the desired pharmaceutical efficacy. 

30 The pharmaceutical compositions may contain suitable buffering agents, as described 

above, including: acetate, phosphate, cifrate, glycine, borate, carbonate, bicarbonate. 
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hydroxide (and other bases) and phamiaceutically acceptable salts of the foregoing 
compounds. 

The pharmaceutical compositions also may contain, optionally, suitable preservatives, 
such as: benzalkonium chloride; chlorobutanol; parabens and thimerosal. 

The pharmaceutical compositions may conveniently be presented in unit dosage fomi 
and may be prepared by any of the methods well-known in the art of pharmacy. All methods 
include the step of bringing the active agent into association with a carrier which constitutes 
one or more accessory ingredients. In general, the compositions are prepared by uniformly 
and intimately bringing the active compound into association with a liquid carrier, a finely 
divided solid carrier, or both, and tiien, if necessary, shaping the product. 

Compositions suitable for oral administration may be presented as discrete units, such 
as capsules, tablets, lozenges, each containing a predetermined amount of the active 
compound. Other compositions include suspensions in aqueous liquids or non-aqueous 
liquids such as a syrup, elixir or an emulsion. 

Compositions suitable for parenteral administration conveniently comprise an agent 
that increases LKBl or AMPK activity. This preparation may be fonnulated according to 
known methods using suitable dispersing or wetting agents and suspending agents. The 
sterile injectable preparation also may be a sterile injectable solution or suspension in a non- 
toxic parenterally-acceptable diluent or solvent, for example, as a solution in 1,3-butane diol. 
Among the acceptable vehicles .and solvents that may be employed are water. Ringer's 
solution, and isotonic sodium chloride solution. In addition, sterile, fixed oils are 
conventionally employed as a solvent or suspending medium. For this purpose any bland 
fixed oil may be employed including synthetic mono-or di-glycerides. In addition, fatty acids 
such as oleic acid may be used in the preparation of injectables. Carrier formulation suitable 
for oral, subcutaneous, inh-avenous, intramuscular, etc. administrations can be found in 
■ Remington's PharmaeeutiealSciences,M&ckPuhlishingCo.,BastoT^ 

A long-term sustained release implant also may be used for administration of the 
pharmaceutical agent composition. "Long-term" release, as used herein, means that the 
implant is constructed and airanged to deliver therapeutic levels of the active ingredient for at 
least 30 days, and preferably 60 days. Long-term sustained release implants are well known 
to those of ordinary skill in the art and include some of the release systems described above. 
Such implants can be particularly useful in treating conditions characterized by insufficient 
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increases LKBl or AMPK activity by placing the implant near portions of a subject affected 
by such activity. thereby effecting localized, high doses of the compounds of the invention. 

The invention also relates in part to assays used to determine the catalytic activity of a 
LKBl or AMPK polypeptide, and/or the affinity of interactions between proteins that 
5 influence such activity, e.g., the affmity of dimerization between LKB 1 and STRAD. The 
LKBl or AMPK polypeptide may be attached to a surface and then contacted with a substrate 
molecule and the level of catalytic activity of the LKBl or AMPK polypeptide or fragment 
thereof can be monitored and quantitated using standard methods. The aforementioned 
assays are not intended to be limiting. Assays for catalytic activity may also be done with the 
10 components in solution, using various art-recognized detection methods, and/or other kinase 
assay methods known to one of ordinary skill in the art, some of which are described herein 
below. Typically these will be kinase assays as are well known in the art; certain examples 
are provided in the Examples below. 

The invention further provides efficient methods of identifying pharmacological 
agents or lead compounds for agents useful for increasing LKBl or AMPK kinase activity. 
Generally, the screening methods involve assaying for compounds that modulate (e.g., 
enhance) phosphorylation of a substrate, or that modulate (e.g., enhance) affinity of . . 
molecular interactions, such as LKBl-STRAD heterodimer formation. Such methods are 
ad^table to automated, high throughput screening of compounds. 

A wide variety of assays for pharmacological agents are provided, including labeled 
in vitro kinase phosphorylation assays, cell-based phosphorylation assays, assaj^ for 
detemiining affinity of interacting proteins (e.g.. immunoprecipitations, two-hybrid assays) 
etc. For example, in vitro kinase phosphorylation assays are used to rapidly examine the 
effect of candidate pharmacological agents on the phosphorylation of a substrate by, for 
example, LKBl or AMPK or a fragment thereof Assays of intennolecular interaction, such 
as LKBl-STRAD heterodimer formation, also are known in the art. Compounds that 
increase such interactions can be determined using these assays; examples of compounds that 
increase protein interactions include FK506 and cyclosporin, which form bridges between 
proteins. Therefore, compounds that modulate LKBl-STRAD heterodimer formation can be 
30 identified for example by screening for compounds that increase the amount of STRAD co- 
immunoprecipitating with LKB 1 , for example using a cell based assay. Other well known 
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assays of dimer fonnation, such as yeast two-hybrid transcription assays also can be 
employed to screen for compounds that modulate LKBl-STRAD heterodimer formation. 

The candidate pharmacological agents can be derived from, for example, 
combinatorial peptide or small molecule libraries. Convenient reagents for such assays are 
known in the art. 

In general, substrates used in the assay methods of the invention are added to an assay 
mixture as an isolated molecule. For use with LKB 1 , a preferred substrate is AMPK, 
although STRAD phosphorylation or LKBl autophosphorylation also can be detected. For 
AMPK, a preferred substrate is acetyl CoA carboxylase. Still other substrates for the kinases 
will be known to one of ordinary skill in the art. The assay mixture can include detectable 
phosphate compounds (e.g. or ^^P), so that protein substrates phosphorylated by LKBl or 
AMPK are readily detectable. Alternatively, LKBl or AMPK activity on a substrate can be 
measured using other detectable means such as antibody capture of specific phosphorylated 
polypeptides^ chromatographic means, etc. As noted above, the affinity of LKBl-STRAD 
heterodimers can be assayed by immunoprecipitations or by another assay of aflSnity. 

A typical assay mixture for measuring kinase activity includes a peptide having a 
phosphorylation site motif and a candidate pharmacological agent. A typical assay mixture 
for measuring intermolecular interactions includes the molecules expected to interact, e.g., 
LKBl and STRAD as described herein. Fragments of these molecules that participate in the 
dimerization (e.g., dimerization domains) can also be employed, optionally fused to, or 
labeled with, moieties that provide detection functionahty. Examples of ttiis are fusion 
protems containing LKBl or STRAD fused to transcription activator domains, domains with 
enzymatic activity, or directly detectable domains (e.g., fluorescent proteins, protein tags 
recognized by specific antibodies). 

Typically, a plurality of assay mixtures are run in parallel with different agent 
concentrations to obtain a different response to the various concentrations. Typically, one of 
these concentrations serves as a negative control, i.e., at zero concentration of agent or at a 
concentration of agent below the limits of assay detection. Candidate agents encompass 
numerous chemical classes, although typically they are organic compounds. Preferably, the 
candidate pharmacological agents are small organic compounds, i.e., those having a 
molecular weight of more than 50 yet less than about 2500. Candidate agents comprise 
functional chemical groups necessary for structural interactions with polypeptides (e.g.^ 
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kinase sites), and typically include at least an amine, carbonyl, hydroxyl or carboxyl group, 
preferably at least two of the functional chemical groups and more preferably at least three of 
the functional chemical groups. The candidate agents can comprise cyclic carbon or 
heterocyclic structure and/or aromatic or polyaromatic structures substituted with one or 
5 more of the above-identified functional groups. Candidate agents also can be biomolecules 
such as pq)tides, saccharides, fatty acids, sterols, isoprenoids, purines, pyrimidines, 
derivatives or structural analogs of the above, or combinations thereof and the like. Where 
the agent is a nucleic acid (i.e., aptamer), the agent typically is a DNA or RNA molecule, 
although modified nucleic acids having non-natural bonds or subunits are also contemplated. 

10 LKBl or AMPK activators, or modulators of LKB 1-STRAD interaction, also can be 

designed using rational structure-based methods such as the methods described in 
PCT/US98/1 0876 and references described therein. 

Candidate agents are obtained from a wide variety of sources including libraries of 
synthetic or natural compounds. For example, numerous means are available for random and 

1 5 directed synthesis of a wide variety of organic compounds and biomolecules, including 
expression of randomized oligonucleotides, random or non-random peptide libraries, 
synthetic organic combinatorial libraries, phage display libraries of random peptides, and the 
like. Alternatively, libraries of natural compounds in the form of bacterial, fungal, plant and 
animal extracts are available or readily produced. Additionally, natural and synttietically 

20 produced libraries and compounds can be readily be modified through conventional chemical, 
physical, and biochemical means. Further, known pharmacological agents may be subjected 
to directed or random chemical modifications such as acylation, alkylation, esterification, 
amidification, etc. to produce structural analogs of the agents. 

A variety of other reagents also can be included in the mixture. These include 

25 reagents such as salts, buffers, neutral proteins (e.g., albumin), detergents, etc. which may be 
used to facilitate optimal protein-protein and/or protein-nucleic acid binding; Such a reagent 
may also reduce non-specific or background interactions of the reaction components. Other 
reagents that improve the efficiency of the assay such as nuclease inhibitors, antimicrobial 
agents, and the like may also be used. 

30 The mixture of the foregoing assay materials is incubated under conditions whereby, 

but for the presence of the candidate pharmacological agent, LKBl or AMPK phosphorylates 
a polypeptide at a certain level (i.e., control level). For affinity assays, the foregoing assay 
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materials are incubated under conditions whereby, but for the presence of the candidate 
pharmacological agent, LKBl dimerizes with STRAD polypeptide at a certain level (i.e., 
control level). The order of addition of components, incubation temperature, time of 
incubation, and other parameters of the assay may be readily determined. Such 
5 experimentation merely involves optimization of the assay parameters, not the fundamental 
composition of the assay. Incubation temperatures typically are between 4°C and 40°C. 
Incubation times preferably are minimized to facilitate rapid, high throughput screening, and 
typically are between 1 minute and 10 hours. 

After incubation, the presence or absence of phosphorylation of a substrate, binding of 

10 a substrate, or dimerization is detected by any convenient method available to the user. For 
cell free binding type assays, a separation step may be used to separate bound from unbound 
components. The separation step may be accomplished in a variety of ways. Conveniently, 
at least one of the components is immobilized on a solid substrate, from which the unbound 
components may be easily separated. The solid substrate can be made of a wide variety of 

15 materials and in a wide variety of shapes, e.g., microtiter plate, microbead, dipstick, resin 
particle, etc. The substrate preferably is chosen to maximum signal to noise ratios, primarily 
to minimize background binding, as well as for ease of separation and cost. 

Separation may be effected for example, by removing a bead or dipstick from a 
reservoir, emptying or diluting a reservoir such as a microtiter plate well, rinsing a bead, 

20 particle, chromatographic column or filter with a wash solution or solvent. The separation 
step preferably includes multiple rinses or washes. For example, when the solid substrate is a 
microtiter plate, the wells may be washed several times with a washing solution, which 
typically includes those components of the incubation mixture that do not participate in 
specific binding or interaction such as salts, buffer, detergent, non-specific protein, etc. 

25 Where the solid substrate is a magnetic bead, the beads may be washed one or more times 
with a washing solution and isolated using a magnet 

Detection may be effected using any convenient method, some of which are described 
m greater detail in the Examples below. For example, phosphorylation produces a directly or 
indirectly detectable product, e.g., phosphorylated substrate, hi other assays, one of the 

30 components usually comprises, or is coupled to, a detectable label. A wide variety of labels 
can be used, such as those that provide direct detection (e.g., radioactivity, luminescence, 
fluorescence, optical or electron density, etc), or indirect detection (e.g., epitope tag such as 
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the FLAG, V5 or myc epitopes, an enzyme tag such as horseradish peroxidase or luciferase, a 
transcription product, etc.). The label may be bound to a substrate or inhibitor as described 
elsewhere herein, to the proteins employed in the assays, or to the candidate pharmacological 
agent. 

A variety of methods may be used to detect the label, depending on the nature of the 
label and other assay components. For example, the label may be detected while bound to the 
solid substrate or subsequent to separation from the solid substrate. Labels may be directly 
detected through optical or electron density, radioactive emissions, nonradiative energy 
transfers, etc. or indirectly detected with antibody conjugates, streptavidin-biotin conjugates, 
etc. Methods for detecting the labels are well known in the art. 

Thus the present invention includes automated drug screening assays for identifying 
compositions having the ability to increase phosphorylation of a substrate directly or 
indirectly. The automated methods preferably are carried out in an apparatus which is 
capable of delivering a reagent solution to a plurality of predetermined compartments of a 
vessel and measuring the change in a detectable molecule in the predetennined 
compartments. Exemplary methods include the following steps. First, a divided vessel is 
provided that has one or more compartments which contain a substrate which, when exposed 
to LKBl or AMPK, has a detectable change. The LKBl or AMPK can be in a ceU in the 
compartment, in solution, or immobilized within the compartment. Next, one or more 
predetermined compartments are aligned with a predetermined position (e.g., aligned with a 
fluid outlet of an automatic pipette) and an aliquot of a solution containing a compound or 
mixture of compounds being tested for its ability to increase LBCBl or AMPK kinase activity 
is deUvered to the predetermined compartment(s) with an automatic pipette. The substrate 
also can be added with the compomids or following the addition of the compounds. Finally, 
detectable signal; emitted by the substrate is measured for a predeteimined amount of time, 
preferably by aligning said cell-containing compartment with; a detector; Preferably, flie 
signal also measured prior to adding the compounds to the compartments, to establish e.g., 
background and/pr baseline values. For competition assays, the compounds can be added 
with or after addition of a substrate or inhibitor to the LKB 1 or AMPK polypeptide- 
containing compartments. One of ordinary skill in the art can readily determine the 
appropriate order of addition of the assay components for particular assays. 
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At a suitable time aft^r addition of the reaction components, the plate is moved, if 
necessary, so that assay wells are positioned for measurement of signal. Because a change in 
the signal may begin within the first few seconds after addition of test compounds, it is 
desirable to align the assay well with the signal detector as quickly as possible, with times of 
about two seconds or less being desirable. In preferred embodiments of the invention, where 
the apparatus is configured for detection through the bottom of the well(s) and compounds 
are added from above the well(s), readings may be taken substantially continuously, since the 
plate does not need to be moved for addition of reagent. The well and detector device should 
remain aligned for a predetermined period of time suitable to measure and record the change 
in signal. 

The apparatus of the present invention is programmable to begin the steps of an assay 
sequence in a predetermined first well (or rows or columns of wells) and proceed sequentially 
down the columns and across the rows of the plate in a predetermined route through well 
number n. It is preferred that the data from replicate wells treated with the same compound 
are collected and recorded (e.g., stored in the memory of a computer) for calculation of 
signal. 

To accomplish rapid compound addition and rapid reading of the response, the 
detector can be modified by fitting an automatic pipetter and developing a software program 
to accomplish precise computer control over both the detector and the automatic pipetter. By 
integrating the combination of the fluorometer and the automatic pipetter and using a 
microcomputer to control the commands to the detector and automatic pipetter, the delay time 
between reagent addition and detector reading can be significantly reduced. Moreover, both 
greater reproducibility and higher signal-to-noise ratios can be achieved as compared to 
manual addition of reagent because the computer repeats the process precisely time after 
time. Moreover, this arrangement permits a plurality of assays to be conducted concurrently 
without operator intervention. Thus, with automatic delivery of reagent followed by multiple 
signal measurements, reliability of the assays as well as the number of assays that can be 
performed per day are advantageously increased. 

Similar assays can be used to identify compounds that decrease LKBl or AMPK 
activity, which may be useful as controls or in preparing animal models of disease. Likewise, 
similar assays can be used to identify compounds that modulate LKBl -STRAD dimerization. 
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Activators of LKBl or AMPK polypeptide activity (e.g., phosphorylation activity, 
dimerization activity) identified by the methods described herein are useful to treat diseases 
or conditions that result firom reduced or insufficient LKBl or AMPK polypeptide activity, 
including diabetes (particularly type II diabetes), cancer, etc. For treatment of such 
5 conditions, an effective amount of a LKBl or AMPK polypeptide activator is^administered to 
a subject. 

The invention includes kits for assaying the activity level of a LKBl or AMPK 
polypeptide (e.g., phosphorylation activity, dimerization activity) for determining whether 
test compounds modulate (preferably increase) the LKBl or AMPK polypeptide activity. 

10 One example of such a kit of the invention is a kit that provides components necessary to 
determine the activity level of a LKBl or AMPK polypeptide of the invention using a kinase 
assay. The components can include an appropriate substrate molecule as well as necessary 
cofactors and other components (e.g., buffers, radioactive molecules). Another example is a 
kit that provides components necessary to determine the dimerization level of LKBl and 

15 STRAD polypeptides using an assay of intermolecular proximity, such as a dimerization 
assay, or a two hybrid assay. 

Another example of a kit of the invention, is a kit that provides Qornponents necessary , 
to determine the level of expression of a LKBl or AMPK nucleic acid molecule of the 
invention. Such components may include, primers usefiil for amplification of a LKBl or 

20 AMPK nucleic acid molecule and/or other chemicals for PGR amplification. 

The foregoing kits can include instructions or other printed material on how to use the 
various components of the kits for diagnostic purposes or for compound screening purposes. 

The invention also includes methods to monitor the onset, progression, or regression 
of a disorder associated with insufficient LKBl or AMPK activity in a subject by, for 

25 example, obtaining samples at sequential times from a subject and assaying such samples for 
- the level of expression of LKBl or ANffK nucleic acid molecules, the level of expression of 
LKBl or AMPK polypeptide molecules, and/or the level of activity of a LKBl or AMPK 
polypeptide (including phosphorylation activity and dimerization activity). A subject may be 
suspected of having a disorder associated with insufficient LKBl or AMPK activity or may 

30 be believed not to have such a disorder and in the latter case, the sample expression or 
activity level may serve as a control for comparison with subsequent samples. 
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Onset of a condition is the initiation of the changes associated with the condition in a 
subject. Such changes may be evidenced by physiological symptoms, or may be clinically 
asymptomatic. For example, the onset of a disorder associated with insufficient LKBl or 
AMPK activity may be followed by a period during which there may be physiological 
changes in the subject, even thougji clinical symptoms may not be evident at diat time. The 
progression of a condition follows onset and is the advancement of the physiological 
elements of the condition, which may or may not be marked by an increase in clinical 
symptoms. Onset and progression are similar in that both iBpresent an increase in the 
characteristics of a disorder (e.g. expression or activity of LKBl or AMPK molecules), in a 
cell or subject, onset represents the beginning of this disorder and progression represents the 
worsening of a preexisting condition. In contrast to onset and progression, regression of a 
condition is a decrease in physiological characteristics of the condition, perhaps with a 
parallel reduction in symptoms, and may result from a treatment or may be a natural reversal 
in the condition. 

A marker for disorders associated with insufficient LKBl or AMPK activity may be 
the level or amount of catalytic activity of a LKBl or AMPK polypeptide, the level or 
amount of specific phosphorylation of a LKB l or AMPK substrate, or the level of expression 
of a LKB I or AMPK nucleic acid or polypeptide. 

Examples 

Summary 

AMP-activated protein kinase (AMPK) is a highly conserved sensor of cellular 
energy status found in all eukaryotic cells (1). AMPK is activated by stimuU that increase the 
cellular AMP/ATP ratio. Essential to activation of AMPK is its phosphorylation at Thrl72 by 
an upstream kinase (AMPKK) whose identity in mammalian cells has remained elusive (1). 
Here we present biochemical and genetic evidence indicating that the LKBl serine/ threonine 
kinase - the gene inactivated in the Peutz-Jeghers femilial cancer syndrome (2)- is tiie 
dominant regulator of AMPK activation in several mammalian cell types. We show that 
LKBl directly phosphorylates Thrl72 of AMPKa in vitro and activates its kinase activity. 
Lkbl -deficient murine embryonic fibroblasts (MEFs) show nearly complete loss of Thr 1 72 
phosphorylation and downstream AMPK signaling in response to a variety of stimuli that 
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activate AMPK. Reintroduction of wild-type but not kinase dead LKBl into these cells 
restores AMPK activity. Furthermore, in a number of cell types overexpression of wild-type 
LKBl increases basal and stimulated AMPK phosphorylation and activity, whereas, a kinase- 
inactive LKBl mutant acts as a dominant negative allele. Finally, we show that LKBl plays 
5 a biologically significant role in this pathway since wild-type LKB 1 expression is required to 
prevent death of human tumor cells in response to prolonged treatment with the AMP- 
analogue AICAR. These results indicate that LKBl may be the major AMPKK in 
mammalian cells and suggest a unexpected connection between the response of cells to 
metabolic stress and tumorigenesis. The role of LKBl/ AMPK in survival of some tumor 
10 cells may provide novel opportunities for cancer therapeutics. 

Methods 
Materials 

15 HT1080, LLC-PKl, and HeLa cells were all purchased from American Type Tissue 
Collection (ATCC). Mouse embryonic fibroblasts (MEFs) were derived from 13.5 
postcoitum embryos as previously described (153. Lkbl -/- MEFs >yere produced by in vitro 
excision of the Lkbl lox allele as previously described (15). P-AMPK, AMPK, and P-ACC 
antibodies were from Cell Signaling. SAMS peptide was from Upstate Biotechnology. MBP- 

20 AMPKa (1-312) bacterial fusion protein was a generous gifl from L. Witters (Dartmouth 
Medical School). LKBl antibody (IG) was previously described (15). Flag-tagged human 
LKBl was generated by subcloning the human LKBl cDNA into a N-terminal tagged 
pCDNA3 vector. Human and mouse LKBl retroviral constructs were generated by PCR and 
subcloning into pBABE-puro. Point mutations were generated using Quickchange 

25 mutatagenesis (Stratagene). STRAD was PCR amplified from a human EST (Research 
- Genetics) and subeloned into pGDNA4 HisMax (Invitrogen). All constructs were fiilly 
sequenced to verify their integrity. AICAR (5-aminoimidazole-4-carboxamide 1-/3-D- 
ribofiiranoside) from Toronto Research Chemicals. Sorbitol, H2O2, MTT all from Sigma. UV 
light was delivered using a Stratalinker 2400 (Stratagene). 

30 

Kinase Assays and Cellular Analysis: AMPK kinase activity was measured using the 
SAMS peptide as previously described (7). LKBl phosphorylation of AMPK was carried out 
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in kinase buffer (50 mM Tris pH 7.5. 10 mM MgCb, 1 mM DTT. 1 00 jiM ATP) for 20 rains 
at SOX. For immunopreciptations of active LKBl kinase. Flag-tagged LKBl was co- 
transfected with an equimolar amount of STRAD expression plasmid into HT1080 cells and 
immunoprecipitated using M2-agarose (Sigma) 24h post-transfection in .NP40 lysis buffei76. 
Before kinase assays, immunoprecipitated LKBl was washed 3X in lysis buffer then 2X in 
kinase buffer. Soluble MBP-AMPK was added at 5 ng per kinase reaction. The LKBl 
peptide library screen was performed as previously describedi2. Peptide libraries were fixed 
at indicated positions and degenerate for all 20 amino acids minus cysteine, threonine, and 
serine at all other positions indicated with an x; with at least four degenerate flanking 
positions on either side of all fixed sequnces (e.g. LxT library is composed of x-x-x-x-Leu-x- 
Thr-x-x-x peptides with a fixed lysine tail (K-K-K). Total cell extracts and immunoblotting 
were as previously described (27). Amphotropic and ecotropic retroviral infections and 
subsequent selections were as previously described (28). For the cell survival assays, cells 
were plated in tripUcate for each condition in 48 well plates. MTT assays were performed 
according to manufacturer's suggestions (Sigma). 

We set out to identify the optimal substrate motif for LKBl in an attempt to identify 
other substrates. To examine the substrate specificity of LKBl, we co-expressed it in 
mammalian cells with its co-activator STRAD, and then tested the abiUfy of purified LKBl 
immunoprecipitates to phosphorylate various degenerate peptide libraries (12). First, we 
found that LKBl will only phosphorylate Ubraries with threonine as the phosphoacceptor site 
(Fig 1). Arginine in the -1 position was selected over random amino acids and leucine at the 
-2 position was strongly selected, suggesting that a Leu-Arg-Thr motif would be a highly 
selected peptide substrate. Thrl72 of AMPKahas a leucine at the -2 position which is 
conserved in AMPK orthologues from other species, including the yeast SNFl protein (Fig. 
l a), as well as a well-conserved arginine in the-1 position suggesting it would make an 
excellent in vitro substrate for LKBl. In addition, the previously mapped LKBl 
phosphorylation sites in STRAD also conform to the LxT sequence. 

Given these observations, we investigated whether LKBl would phosphorylate 
Thrl 72 of AMPK in vitro. As seen in Fig. 2b, wild-type but not kinase-dead LKBl 
immunoprecipitated from mammalian cells efficienify phosphorylated a bacterially expressed 
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maltose-binding protein (MBP) fusion product of the AMPKa catalytic subunit in vitro. 
Moreover, co-expression of LKBl with STRAD led to a dramatic proportional increase in 
LKBl autophosphorylation and trans-phosphorylation of MBP-AMPKct Immunoblotting 
with phosphospecific AMPK Thrl72 antisera confirmed that LKBl phosphorylated this site 
in vitro. As seen in Fig. 2b, the level of immunoblotting with anti-phospho-Thrl 72 antibody 
was directly proportional to the amount of "p incorporation into recombinant APMK in a 
parallel radioactive in vitro kinase assay. 

To examine whether in vitro phosphorylation of AMPK by LKBl was sufficient to 
activate the bacterial MBP-AMPK fusion protein, we assayed the kinase activity of AMPKa 
using a specific peptide substrate (SAMS) (14). As previously reported (7). bacterial MBP- 
AMPK is inactive towards the peptide (Fig. 2C). In vitro phosphorylation of AMPK by wild- 
type LKBl alone or STRAD-activated LKBl induced AMPK kinase activity an average of 
27 and 50 fold, respectively. Kinase-inactive LKBl alone or coexpressed with STRAD was 
unable to activate AMPK. 

To rigorously test the requirement for LKBl in AMPK activation in vivo, we derived 
LKBl-deficent murine embryonic fibroblasts (MEFs) ftom conditionally inactivated mice as 
previously described (15). Cells from littermate matched embryos were then stimulated as 
above and the response of AMPK examined. As seen in Fig. 3a, LKBl nuU cells, but not 
wild-type or heterozygous controls, showed a complete loss of Thrl72 phosphorylation in 
response to peroxide and AICAR stimulation. To determine if AMPK activity was 
accordingly downregulated in these cells, we examined the in vivo phosphorylation of one of 
its critical downstream substrates, acetyl CoA carboxylase (ACC). AMPK inactivates ACC 
through phosphorylation of serine 79, thereby stimulating fatty acid oxidatiom. Minx>ring the / 
level of phospho-AMPK, phosphorylation of ACC in response to both stimuli was nearly 
abolished in LKBl null cells. It should be noted that there was still a small but reproducible 
amount of ACC phosphorylation in response to these stimuli in LKBl null cells, suggesting 
the existence of other, minor compensating AMPKKs in MEFs, or the existence of other 
ACC kinases also activated by these stimuli. However, the dramatic reduction in phospho- 
AMPK and phospho-ACC indicates that LKBl is the dominant AMPKK activity in these 
cells in response to the stimuli tested. To demonstrate that LKBl loss itself, and not a 
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secondary defect arising in these cells is responsible for impaired AMPK activation, we 
reintroduced wild-type and kinase dead LKBl alleles into an immortalized LKBl null MEF 
line by retrovirus. Indeed, wild-type but not kinase dead LKBl expression potentiates AMPK 
activation and downstream phosphorylation ofits targets (Fig. 3b, data not shown). 
Interestingly, despite the absence of LKBl in these ceUs, kinase-dead LKBl reduced the 
phosphorylation of AMPK and downstream ACC below the vector infected LKBl null cells, 
suggesting that kinase dead LKBl may block AMPK from being available as a substrate for 
other compensatory AMPKKs. 



Given the requirement for LKBl in AMPK activation in MEFs, we examined the 
ability of LKBl to modulate AMPK activation in other cell types. As above, we used 
retroviruses to introduce wild-type or kinase-dead human and mouse LKBl into a number of 
cell types. As seen in Fig. 4 in HT1080 human fibrosarcoma cells, kinase-dead LKBl 
specifically inhibited AICAR, peroxide, and osmotic shock-induced Thrl72 phosphorylation 
15 to levels below those seen in the vector-infected cells. Additionally, expression of wild-type 
LKBl increased the basal and stimulated level of Thrl72 phosphorylation (Fig 3). As in the 
MEFs, phosphorylation of Ser79 of ACC is also increased basally and in response to.all 
stimuli by wild-type LKBl overexpression, indicating that AMPK activity is regulated in 
vivo. Similarly, expression of kinase dead LKBl nearly abolishes the AMPK-induced 
20 phosphorylation of ACC in response to all three stimuli in HT 1 080 ceUs. Similar results were 
found in LLC-PKl and IEC18 epithehal cells, as well as in HeLa cells, which are deficient in 
LKBl protein due to promoter methylation (16) (data not shown). 

To determine if LKBl can mediate a biological response to a stimulus that activates 
25 the AMPKK / AMPK cascade we investigated whether LKBl might modulate ceU death 
under circumstances where AMPK would be activated. AMPK activation has been shown to 
lead to an inhibition of apoptosis in a number of ceil types (1 7-20). Treatment of quiescent 
cells with AICAR protects them from glucocorticoid induced apoptosis and AICAR also 
protects astrocytes and endothelial ceUs from cell death in response to different stimuli. 
30 Furthermore, reduction of AMPK levels was recently shown to reduce cellular viability 
following glucose deprivation in a number of human tumor cell lines (20). We therefore 
examined the response of LKBl -deficient cells as compared to LKBl -reconstituted ceils as 
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above in their cellular response to apoptotic stimuli, including stimuli that arc known to 
activate AMPK. Hela cells that were reconstituted with wildtype or kinase-dead LKBl were 
treated with UV light or the AMP analogue AICAR. Strikingly, within 8h of AICAR 
treatment, vector control and kinase-dead LKBl expressing HeLa cells underwent extensive 
cell death, whereas their wild-type LKBl expressing counterparts were nearly totally viable 
(Fig. 5a,b). In contrast, UV treatment killed all cell lines regardless of LKBl status to a 
similar extent and with similar kinetics (Fig. 5c). Identical results were obtained with cells 
reconstituted with mouse or human LKBl . The extent of cell survival conferred by LKBl 
reconstitution in the HeLa cells was quantified by MTT assay (Fig. 5b,c). These fmdings 
suggest that in cells expressing functional LKBl . AMPK signaling may provide a protective 
signal fiom some forms of cell death and in the absence of that protective signal, an apoptotic 
response is triggered. These results offer the provocative suggestion of a potential therapeutic 
window in which LKBl -deficient tumor cells might be acutely sensitive to AMP analogues 
or sensitized to cell death by other stimuli if treated in combination with AMPK activators. 

Taken together, the results presented here suggest that LKBl is a bona fide AMPKK 
and is the major AMPKK present in a number of cell types. These findings provide genetic 
and biochemical evidence that LKBl is a critical regulator of AMPK in vivo. As potentially 
the central regulator of AMPK in vivo, LKBl may play an unexpected role in multiple organ 
systems that mediate the diverse effects of AMPK on mammalian physiology. IraportanUy. 
AMPK has been shown to be a critical mediator of glucose uptake in skeletal muscle in mice 
(5) and AMPK kinase activity is stimulated by two major diabetes therapeutics (21,22). 
Therefore, identification of LKBl as a major activator of AMPK in vivo may introduce a new 
set of potential avenues to exploit in the effort to boost AMPK activity in the treatment of 
diabetes. It will be critical to define the specific tissues in which LKBl serves as the principal 
AMPKK and to determine which AMPK activating stimuli utilize LKBl as opposed to other 
AMPKKs. While this manuscript was in preparation, it was reported that LKB 1 can 
phosphorylate AMPK in vitro, based on the homology of LKBl to three recently identified 
AMPKKs in S. cerevisiae (23). The presence of three functionally redundant AMPKKs in 
yeast (23,24) along with the small residual AMPK phosphorylation seen in LKBl -deficient 
cells suggests there will be additional mammalian AMPKKs. 
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Furthennore, through .this work we have identified the first substrate of the LKBl 
tumor suppressor that may mediate its downstream biological effects. Interestingly, we have 
found that LKBl -deficient cells are uniquely sensitized to death by the AMP analogue 
AICAR. These data suggest that LKBl/ AMPK signaling plays a role in protection from 
5 ^optosis, and that stimuli that normally activate AMPK niay lead to aberrant cell death in 
cells that are defective in AMPK signaling. LKBl/ AMPK signaling may also play a role in 
other cellular responses to environmental stress. LKB 1 deficient MEFs are resistant to 
passage-induced senescence (15). Recently, AMPK activity was found to increase in cells 
undergoing senescence, and artificial hyper-activation of AMPK promoted senescence in 
10. primary human fibroblasts suggesting that perhaps a loss of AMPK signaling promotes the 
immortalization of LKBl -deficient MEFs. Finally, defining the potential role of AMPK in 
tumorigenesis or as a potential regulator of cellular transformation or senescence will provide 
many further insights into the fimdamental ties between energy metabolism, ^ptosis, and 
aberrant cell growth. 

15 
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Claims 



Al . A method for treating cancer, comprising 

administering to a subject having a cancer characterized by reduced or absent LKBl 
5 activity an effective amount of a compound that increases AMP-activated protein kinase 
(AMPK) activity in (cells of) the subject. 

A2. The method of claim A 1 , wherein the compound is an analog of adenosine 
monophosphate (AMP). 

10 

A2.L The method of claim A2, wherein the analog of AMP is 5-aminoimidazole-4- 
carboxamide-l-/3-D-ribofuranoside (AICAR) or an analog or derivative thereof that increases 
AMPK activity. 

15 A2.2. The method of claim A2. 1 , wherein the analog or derivative of AICAR is 5- 
aminoimidazole-4-carboxamide-l-)8-D-ribofuranoside monophosphate. 

A2.3 The method of claim A2, wherein the analog of AMP is adenosine. 

20 A3. The method of claim Al , wherein the compound is metformin or an analog or 
derivative thereof that increases AMPK activity. 

A4. The method of claim Al , wherein the compound is rosiglitazone or an analog or 
derivative thereof that increases AMPK activity. 

25 

A5. The method of claim Al, wherein the compound is leptin or an analog or derivative 
thereof that increases AMPK activity. 
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A6. The method of claim Al , wherein the compound is adiponectin or an analog or 
derivative thereof that increases AMPK activity. 
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A7. The method of claim Al , wherein the reduction of LKBl activity is due to the 
mutation or deletion of the LKBl gene. 

A8. The method of claim Al , further comprising subjecting the cancer (cells) of the 
5 subject to a cell death stimulus. 

A9. A method for treating cancer, comprising 

administering to a subject having a cancer characterized by reduced or absent LKBl 
activity an effective amount of a compound that increases cellular AMP levels in (cells of) 
10 the subject. 

AlO. The method of claim A9, wherein the compound is an analog of adenosine 
monophosphate (AMP). 

15 AH. The method of claim A 10, wherein the analog of AMP is 5-aminoimidazole-4- 

carboxamide-l-^-D-ribofuranoside (AICAR) or an analog or derivative thereof that increases 
AMPK activity. 

Al 2. The method of claim All, wherein the analog or derivative of AICAR is 5- 
20 aminoimida2ole-4-carboxamide-l-i8-D-ribofuranoside monophosphate, 

A13. The method of claim AlO, wherein the analog of AMP is adenosine. 
A14. The method of claim A9, wherein the compound uncouples mitochondria. 

25 

A15. The method of claim A9, wherein the reduction of LKBl activity is due to the 
mutation or deletion of the LKB 1 gene. 
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A16. The method of claim A9, further comprising subjecting the cancer (cells) of the 
subject to a cell death stimulus. 
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Bl. A method for promoting apoptosis of cells having reduced or absent LKBl activity, 
comprising 

contacting the cells with a compound that is an activator of AMP-activated protein 
kinase (AMPK). 

B2. The method of claim Bl, wherein the compound is an analog of AMP. 

B2.1. The method of claim B2, wherein the analog of AMP is 5-aininoimidazole-4- 
carboxamide-l-/?-D-ribofuranoside (AICAR) or an analog or derivative thereof that increases 
AMPK activity. 

B2.2. The method of claim B2. 1 , wherein the analog or derivative of AICAR is 5- 
aminoimidazole-4-carboxamide- 1 -/3-D-ribofuranoside monophosphate. 

B2.3 The method of claim B2, wherein the analog of AMP is adenosine. 

B3. The method of claim Bl, wherein the compound is metformm or an analog or 
derivative thereof that increases AMPK activity. 

B4. The method of claim B 1 , wherein the compound is rosiglitazone or an analog or 
derivative thereof that increases AMPK activity. 

B5 . The method of claim B 1 , wherein the compound is leptin or an analog or derivative 
thereof that increases AMPK activity. 

B6. The method of claim B l , wherein the compound is adiponectin or an analog or 
derivative thereof that increases AMPK activity. 



B7. The method of claim B 1 , wherein the reduction of LKBl activity is due to the 
mutation or deletion of the UCBl gene. 
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B8. A method for promoting apoptosis of cells having reduced or absent LKB 1 activity, 
comprising 

contacting the cells with a compound that increases cellular AMP levels. 

B9. The method of claim B8, wherein the compound is an analog of adenosine 
monophosphate (AMP). 

BIO. The method of claim B9, wherein the analog of AMP is 5-aminoimidazole-4- 
carboxamide-l-^-D-ribofuranoside (AICAR) or an analog or derivative thereof that increases 
AMPK activity. 

B 11 . The method of claim B 1 0, wherein the analog or derivative of AICAR is 5- 
aminoimida2ole-4-carboxamide- 1 -/?-D-ribofuranoside monophosphate. 

B 1 2. The method of claim B9, wherein the analog of AMP is adenosine. 

B 1 3. The method of claim B8, wherein the compound uncouples mitochondria. 

B14. The method of claim B8, wherein the reduction of LKBl activity is due to the 
mutation or deletion of the LKBl gene. 



CI. A method for treating a subject having or suspected of having diabetes comprising: 
administering to a subject in need of such treatment an effective amount of an agent 
that increases the activity of LKBl in the subject, as a treatment for the diabetes. 

C2. The method of claim CI , wherein the diabetes is type I diabetes. 

C3. The method of claim C 1 , wherein the diabetes is type n diabetes. 



C4. The method of claim C 1 , wherein the agent increases the kinase activity of LKB 1 . 
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C5. The method of claim CI, wherein the agent increases the amount of LKBl. 
C5. The method of claim CI, wherein the agent increases the amount of STRAD. 

5 C6. The method ofclaim CI, wherein the agent increases the affinity of the dimeric 
interaction between LKBl and STRAD. 



D 1 . A method for identifying compounds useful in the treatment of diabetes, comprising 
determining a first amovmt of activity of a LKB 1 polypeptide, 
contacting the LKBl polypeptide with a candidate pharmacological agent, and 
determining the amount of activity of the contacted LKBl polypeptide, wherein an 

increase in the amount of activity in the contacted LKBl polypeptide relative to the first 

amount of activity of the LKBl polypeptide is an indication that the candidate 

pharmacological agent is useful in the treatment of diabetes. 

D2. The method of claim Dl, wherein the activity of the LKBl polypeptide is measured 
by phosphorylation of AMP-activated kinase. 



D3. A method for identifying compounds useful in the treatment of diabetes, comprising 
providing an assay mixture comprising a LKBl polypeptide and a STRAD 

polypeptide that forms a heterodima: with the LKBl polypeptide, 

determining a first affinity of the dimeric interaction between LKBl and STRAD, 
contactmg the assay mixture with a candidate pharmacological agent, and 
deteraiining a second affinity of the dimeric interaction between LKBl and STRAD, 

wherein an increase in the second affinity relative to the second affinity is an indication that 

the candidate pharmacological agent is useful in the treatment of diabetes. 

D4. Hie method of claim D3, wherein the affinity of the dimeric interaction between 
LBCBl and STRAD is measured by co-immunoprecipitating LKBl and STRAD, wherein an 
increase the amount of STRAD co-immunoprecipitating with LKBl is indicative of an 
increase in the affinity of the dimeric interaction. 
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D5. A method for identifying compounds useful in the treatment of cancer, comprising 
determining a first amount of activity of an AMP-activated kinase polypeptide, 
contacting the AMP-activated kinase polypeptide with a candidate pharmacological 

agent, and 

detamining the amount of activity of the contacted AMP-activated kmase 
polypeptide, wherein an increase in the amount of activity in the contacted AMP-activated 
kinase polypeptide relative to the first amount of activity of the AMP-activated kinase 
polypeptide is an indication that the candidate pharmacological agent is useful in the 
treatment of cancer. 

D5. The method of claim D5, wherein the activity of the AMP-activated kinase 
polypeptide is measured by phosphorylation of acetyl CoA carboxylase. 



El . A method for preparing a diabetes drug, comprising 

identifying a compound that increases LKB activity and 

formulating the compound for administration to a subject in need of such treatment. 

E2. The method of claim El, wherein the diabetes is type II diabetes. 

E3. The method of claim El , wherein the compound that increases LKB activity is 
identified by the method of claim Dl. 

E4. A method for preparing a cancer drug, comprising 

identifying- a compound that increases AMP-activated kinase activity and 
formulating the compound for administration to a subject in need of such treatment. 

E5. The method of claim E4, wherein the compound that increases LKB activity is 
identified by the method of claim D3. 
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Abstract of the Disclosure 

The invention relates to modulation of LKBl or AMP kinase protein activity for 
treating disorders including diabetes and cancer. The invention also relates to screening for 
agents that modulate the activity of LKBl or AMP kinase protein, which are useful in the 
treatment of diabetes and cancer, as well as preparing compounds for treatment of diabetes 
and cancer. 
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